Journal  of  Power  Sources  268  (2014)  96-105 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


JOUHNAL  OF 


pri 


IHomahmol  Journal  on  Via  Soonoa  and  Taotmn 
o*  (MMny,  F  uM  CM  and  oto*t  LHCUoentmc*  8yM*<na 


Effects  of  Ni2+  doping  on  the  performances  of  lithium  iron 
pyrophosphate  cathode  material 

Jun-chao  Zheng  ,  Xing  Ou  ,  Bao  Zhang  ,  Chao  Shen,  jia-feng  Zhang,  Lei  Ming, 
Ya-dong  Han 

School  of  Metallurgy  and  Environment,  Central  South  University,  Changsha  410083,  PR  China 


CrossMark 


HIGHLIGHTS 


•  Ni  doped  Li2Fei_xNixP207/C  composites  were  synthesized  for  the  first  time. 

•  Doping  nickel  at  an  appropriate  amount  could  increase  the  Li+  diffusion  coefficient. 

•  Ni  doping  is  an  effective  way  to  improve  the  electrochemical  performance  of  Li2FeP207. 
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The  Li2Fei_xNixP207/C  (x  =  0.00,  0.02,  0.04,  0.06,  0.08,  0.10)  composites  were  successfully  synthesized  for 
the  first  time  by  a  conventional  solid  state  route.  The  solid  state  reaction  mechanism,  crystal  structure, 
morphology,  and  electrochemical  performance  of  the  samples  are  characterized  in  detail.  The  XRD  re¬ 
sults  show  that  Ni2+  is  incorporated  in  the  lattice  of  Li2FeP207  and  the  monoclinic  structure  does  not 
change  after  doping.  Among  all  the  samples,  the  Li2Feo.98Nio.o2P207/C  composite  delivers  the  highest 
discharge  capacity  of  110.2  mAh  g-1  at  0.025C,  and  possesses  a  capacity  retention  ratio  of  90.1%  after  100 
cycles  at  0.05C,  demonstrating  the  best  rate  performance  and  cycle  stability  in  the  potential  range  of  2.0 
-4.5  V.  Electrochemical  impedance  spectroscopy  (EIS)  results  reveal  that  the  Li2Feo.98Nio.o2P207/C  sample 
has  a  lower  charge  transfer  resistance  and  a  higher  Li-ion  diffusion  coefficient  compared  to  other 
samples.  The  results  indicate  Ni2+-doping  in  Li2FeP207/C  can  effectively  enhance  the  electrochemical 
performance  of  this  monoclinic  compound,  especially  at  a  high  charge/discharge  rate. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  are  intensive  research  activities  for  alternative  electrode 
materials  in  the  next  generation  of  rechargeable  lithium  ion  bat¬ 
teries,  particularly  for  those  used  in  hybrid  and  pure  electric  vehi¬ 
cles  [1—3].  Phosphate-based  cathode  materials  have  been  a 
considerable  investigation  due  to  its  attractive  properties,  such  as 
low-cost,  abundant  iron  and  phosphate  groups  (PO4)  which  are 
safer  and  more  stable  than  layered  transition-metal  oxides  (LiCo02) 
[4].  Among  these  compounds,  most  studies  have  been  devoted  to 
the  development  of  olivine-structured  LiFeP04,  the  most 
commercially  viable  polyanionic  cathode  material  with  large-scale 
synthesis  and  competent  capacity  stability  [5  .  However,  the 
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operating  voltage  of  LiFePCH  is  relatively  lower  than  LiMn204  and 
LiNii/3Coi/3Mni/302  which  limits  high  practical  energy  density. 
Meanwhile,  a  myriad  of  polyanion-type  compounds  based  on  sili¬ 
cates  (L^MSiCH)  6  ,  borates  (LiMB03)  [7  ,  fluorosulfates  (LiMSC^F) 
[8],  fluorophosphates  (LiMPC^F)  [9]  and  hydroxysulfate  (LiM- 
SO4OH)  10]  have  also  received  much  attention.  Nonetheless,  many 
of  them  either  suffer  from  low  redox  potential  and  discharge  ca¬ 
pacity,  or  difficult  synthesis. 

Since  the  monoclinic  structure  of  lithium  iron  pyrophosphate 
(Li2FeP207)  was  first  reported  by  Nishimura  [11  and  his  co-workers 
in  2010,  it  has  captured  the  attention  of  researchers  due  to  its 
higher  reversible  potential  of  3.5  V  vs.  Li/Li+,  which  is  the  highest 
voltage  among  all  Fe-containing  phosphate  cathodes  [12].  Although 
the  lack  of  safe  high-voltage  electrolytes  and  the  structural  insta¬ 
bility  make  it  difficult  to  detect  that  two  lithium  ions  intercalate 
and  deintercalate  into  the  Li2FeP207  cathode,  its  theoretical 
discharge  capacity  is  in  range  of  2.0-4.5  V  remains  at  110  mAh  g-1 
[12,13  .  Contrast  to  ID  diffusion  in  LiFePCH,  Clark  14]  predicted  that 
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Up  until  the  present,  various  approaches  have  been  proposed  to 
optimize  this  new  pyrophosphate,  such  as  particle  size  reducing 
[15],  metal  ion  doping  16]  and  carbon  coating  [15,17].  Compared 
with  other  methods,  it  is  more  reasonable  to  dope  Li2FeP207  with 
trace  elements  to  increase  the  Fe2+/Fe3+  redox  potential  and  sta¬ 
bilize  the  crystal  structure  without  degrading  its  energy  density. 
Li2FeP207  has  been  doped  with  transition  metals,  such  as  Mn2+ 
[18-20],  Co2+  [21,22  ,  V5+  and  Nb5+  [14]).  Although  Mahesh  [23] 
studied  the  thermal,  magnetic  and  impedance  properties  of 
Li2NiP207,  the  electrochemical  performance  has  not  been 
mentioned. 

In  this  paper,  the  pristine  Li2FeP207/C  and  Ni  doping  of  Li2Fei_ 
_xNixP207/C  (x  =  0.02,  0.04,  0.06,  0.08,  0.10)  composites  have  been 
synthesized  by  a  conventional  solid  state  route.  The  effect  of  Ni 
doping  with  different  amounts  on  the  crystal  structure  and  elec¬ 
trochemical  property  of  Li2FeP207/C  are  studied  in  detail  for  the 
first  time. 


Fig.  1.  TG-DSC  curves  of  the  LhFeo^Nio.c^Oy/C  precursor. 

Li2FeP207  might  have  good  rate  capability  due  to  fast  Li+  trans¬ 
portation  through  a  2D  network  in  the  bc-plane.  However,  the 
continuous  research  and  commercial  processing  of  Li2FeP207  is 
mostly  limited  to  its  crystal  structure  and  electrochemical 
performance. 


Fig.  2.  (a)XRD  patterns  of  Li2Fei_xNixP207/C  with  various  doping  amount.  (b)The 
magnification  of  the  shift  peaks  of  the  XRD  patterns. 


2.  Experimental 

The  Li2Fei_xNixP207/C  (x  =  0.02,  0.04,  0.06,  0.08,  0.10)  com¬ 
posites  are  prepared  via  conventional  solid-state  reaction  by  using 
LiH2P04  (99.5%  Aldrich),  FeC204-2H20  (99.0%  Aldrich)  and 
Ni(CH3C00)2-4H20  (99.0%  Aldrich).  The  raw  materials  are  mixed 
with  glucose  (99.5%  Aldrich)  in  the  weight  ratio  of  95:5,  and  ground 
in  a  ball  mill  (with  a  rotation  speed  of  300  r  min-1,  agate  balls)  for 
6  h  in  ethanol  solution.  After  being  dried  at  80  °C,  the  mixture  was 
then  decomposed  at  300  °C  for  3  h,  the  resulting  powder  were  then 
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Fig.  3.  Rietveld  refinement  of  the  XRD  patterns  of  (a)  Li2FeP207/C  and  (b)Li2Feo.92- 
Ni0.08P2O7/C. 
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Table  1 

Lattice  parameters  of  the  as-prepared  composites. 


Samples 

a(A) 

b(  A) 

c(A) 

/T) 

HA3) 

R„(%) 

Li2FeP20y/C 

11.0329(8) 

9.7601(5) 

9.8166(9) 

101.54(4) 

1035.705 

6.54 

Li2Fe0.98Nio.02P207/C 

11.0230(7) 

9.7568(0) 

9.8129(2) 

101.56(6) 

1033.962 

6.38 

Li2Feo.96Nio.o4P207/C 

11.0229(8) 

9.7545(7) 

9.8110(7) 

101.52(9) 

1033.656 

9.12 

Ll2Fe0.92Nio.08P207/C 

11.0118(5) 

9.7500(9) 

9.8055(5) 

101.54(9) 

1031.487 

8.3 

Li2Feo.9oNio.ioP207/C 

11.0091(8) 

9.7503(1) 

9.8052(2) 

101.54(6) 

1031.233 

9.28 

Li2FeP207a 

11.0148(7) 

9.7551(5) 

9.7993(6) 

101.491 

1031.852 

4.90 

Li2FeP207b 

11.0224(4) 

9.7541(3) 

9.8080(3) 

101.564(2) 

1033.083 

3.28 

a  Data  taken  from  Ref.  [16]. 
b  Data  taken  from  Ref.  22]. 


reground  and  sintered  for  10  h  at  650  °C  in  argon  (99.999%  in 
purity). 

Thermogravimetric  (TG/DSC)  analysis  of  the  mixture  was 
measured  on  a  SDT  Q600  TG-DTA  apparatus  at  temperatures  be¬ 
tween  25  and  800  °C  at  a  heating  rate  of  5  °c  min-1  under  argon 
flow.  The  powder  X-ray  diffraction  (Rint-2000,  Rigaku)  measure¬ 
ment  using  Cu  Ka  radiation  was  employed  to  identify  the  crystalline 
phase  of  the  synthesized  materials.  The  lattice  parameter  refine¬ 
ment  and  analysis  was  implemented  in  the  Jade  9.0  Whole  Pattern 
Fitting  (WPF)  program  [24,25].  The  Fourier  transform  infrared  (FT- 
IR)  spectrum  was  obtained  by  a  Nicolet  460  FT-IR  spectrophotom¬ 
eter.  The  samples  were  observed  through  SEM  (JEOL,  JSM-5600LV) 
and  a  Tecnai  G12  transmission  electron  microscope  (TEM).  The  X- 
ray  photoelectron  spectroscopy  (XPS)  measurements  were  carried 
on  a  K-Alpha  1063  spectrometer  with  a  Mg  Ka  achromatic  X-ray 
source  (1235.6  eV). 

The  electrochemical  characterizations  were  performed  using 
CR2025  coin-type  cells.  Typical  positive  electrode  loadings  were  in 
the  range  of  2-2.5  mg  cm-2,  and  an  electrode  diameter  of  14  mm 
was  used.  The  electrodes  were  prepared  by  mixing  as-prepared 
Li2FeP207  with  carbon  black  and  polyvinylidene  fluoride  in  a 
weight  ratio  of  80:10:10  in  NMP.  The  separator  is  a  Celguard2400 


Fe2p 


705  710  715  720  725  730  735  740 


Binding  Energy(eV) 


microporous  polyethylene  membrane.  The  electrolyte  is  1  mol  L-1 
LiPF6  in  a  mixture  of  ethylene  carbonate/dimethyl  carbonate/eth- 
ylmethyl  carbonate  (EC/DMC/EMC)  solution  (1:1:1,  volume  ratio).  A 
lithium  metal  anode  is  used  in  this  study.  The  cells  are  assembled  in 
a  glove  box  filled  with  argon  gas.  The  discharge-charge  cycling  is 
galvanostatically  performed  at  0.025C  to  2C  rates  with  cut-off 
voltages  of  2.0-4.5  V  (versus  Li/Li+)  at  room  temperature,  and 
the  specific  capacity  of  samples  is  evaluated  based  on  the  active 
materials.  The  cyclic  voltammetric  and  EIS  measurements  were 
carried  out  with  a  CHI660D  electrochemical  analyzer.  The  CV 
curves  for  the  above  test  cells  were  recorded  in  the  potential  range 
of  2.0-4.5  V.  The  impedance  spectra  were  recorded  by  applying  an 
AC  voltage  of  5  mV  amplitude  in  the  100  KHz-0.1  Hz  frequency 
range. 

3.  Results  and  discussion 

In  order  to  determine  the  appropriate  calcination  temperature, 
TG-DSC  analysis  of  the  Li2Feo.92Nio.osP207/C  precursor  was  per¬ 
formed,  as  shown  in  Fig.  1.  There  are  several  stages  of  weight  loss  in 
the  TG  plot  and  corresponding  endothermic/exothermic  peaks  in 
the  DSC  plot.  From  ambient  temperature  to  400  °C,  the  initial 
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Fig.  4.  XPS  spectra  of  Fe2p  and  Ni2p  core  level  of  Li2Fei_xNixP207/C  ( x  =  0.00,  0.02  and  0.08). 
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Wavenumberfcm'1) 


Fig.  5.  The  FTIR  spectroscopy  of  Li2Fei_xNixP207/C. 

weight  loss  and  two  broad  endothermic  peaks  appear  at  73.7  °C 
and  204.1  °C,  mainly  corresponding  to  the  release  of  physically 
absorbed  water  of  the  precursor  mixture  and  crystallized  water  of 
FeC204  -2H20,  as  well  as  thermal  decomposition  of  LiH2P04  to  form 


a  dimer  [26  .The  peak  at  430.8  °C  is  assigned  to  the  reaction  be¬ 
tween  FeO  and  Li2H2P207,  which  are  decomposition  products  of 
FeC204  and  UH2PO4,  respectively  [27].  With  increasing  tempera¬ 
ture,  an  obvious  weight  loss  occurs  near  580  °C,  accompanying  one 
exothermic  peak  at  564.6  °C  in  the  DSC  curve.  The  weight  loss  could 
be  related  to  the  combination  of  reactants  to  form  lithium  iron 
pyrophosphate.  However,  the  other  small  peak  at  709.6  °C  corre¬ 
sponds  to  the  formation  of  iron  phosphide,  this  is  inevitable  during 
the  process  of  complete  reduction  from  Fe3+  into  Fe2+  [28],  and  the 
detail  information  will  be  discussed  elsewhere.  From  the  discussion 
above,  it  is  clear  that  an  appropriate  sintering  temperature  for 
synthesis  of  Li2FeP207  material  is  between  600  and  700  °C. 

XRD  patterns  of  Li2Fei_xNixP207/C  with  various  amounts  of  Ni 
doping  are  shown  in  Fig.  2a.  All  the  peaks  are  indexed  to  a  single 
phase  of  monoclinic  crystal  type  Li2FeP207  with  space  group  P2i/c, 
which  is  consistent  with  the  references  16,20].  It  is  clear  that  no 
impurity  peaks  such  as  LiFeP207  or  Ni-doped  compound  are 
detected,  indicating  the  as-prepared  composites  are  pure  phase 
and  the  structure  is  unchanged  after  Ni  doping.  These  sharp  peaks 
in  the  patterns  suggest  that  the  powders  are  well  crystalline,  and 
the  absence  of  carbon  peaks  in  all  patterns  indicates  that  the  carbon 
from  pyrolysis  of  glucose  is  amorphous. 

The  enlarged  patterns  shown  in  Fig.  2b  reveal  that  the  Ni-doped 
Li2Fei_xNixP207/C  samples  display  a  slight  shift.  With  the  Ni  con¬ 
tent  increasing,  the  diffraction  peaks  shift  to  higher  20  angles, 


Fig.  6.  SEM  images  of  Li2Fei_xNixP207/C.  (a)  x  =  0;  (b)  x  =  0.02;  (c)  x  =  0.04;  (d)  x  =  0.06;  (e)  x  =  0.08  and  (f)  x  =  0.10. 
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which  may  attribute  to  the  slight  difference  in  ion  sizes  between 
nickel  ion  and  iron  ion  [4]. 

The  XRD  patterns  of  Li2Fei_xNixP207/C  (x  =  0,  0.02,  0.04,  0.08 
and  0.10)  are  refined,  as  shown  in  Fig.  3.  The  calculated  results  of 
lattice  parameters  are  listed  in  Table  1.  It  can  be  seen  that  the 
observed  patterns  and  calculated  patterns  match  very  closely.  The 
Li2FeP207  sample  has  similar  cell  parameters  (a  =  11.0329(8)  A, 
b  =  9.7601(5)  A,  c  =  9.8166(9)  A,  0  =  101.54(4), 
volume  =  1035.705  A)  to  those  reported  previously  [11  .It  can  be 
seen  that  the  values  of  unit  cell  parameters  a,  b,  c  and  volume  are 


decreased  with  increasing  doping  content,  indicating  Fe  ions  in  the 
lattice  are  partially  replaced  by  Ni  ions.  The  smaller  radius  of  Ni2+ 
ion  (0.69  A)  than  that  of  Fe2+  (0.78  A)  leads  to  the  shrinkage  of 
lattice  parameters  [29  .  This  indicates  that  Ni  has  been  successfully 
doped  into  the  Ml  (Li)  or  M2  (Fe)  sites  without  affecting  the 
monoclinic  structure,  which  is  similar  to  Co2+  doping  in  Li2FeP2C>7 
[22]  and  Ni2+  doping  in  LiFePC>4  [30]. 

Fig.  4  shows  the  Fe2p  and  Ni2p  XPS  spectra  of  the  pristine 
Li2FeP207/C  and  Ni-doped  Li2Fei_xNixP207/C  (x  =  0.02  and  0.08).  As 
shown  in  Fig.  4,  the  XPS  spectra  of  Fe2p  in  the  samples  all  have  two 


Fig.  7.  EDS  mappings  of  the  Li2Fei_xNixP207/C  powders  x  =  0.02  (a-1,  a-2,  a-3),  x  =  0.04  (b-1,  b-2,  b-3),  x  =  0.06  (c-1,  c-2,  c-3),  x  =  0.08  (d-1,  d-2,  d-3),  x  =  0.10  (e-1,  e-2,  e-3). 
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Fig.  8.  TEM  and  HRTEM  images  of  the  Li2FeP207/C  (a,  c)  and  Li2Fe0.98Ni0.02P2O7/C  (b,  d). 


peaks  that  form  the  major  peak  at  around  711.6  eV  and  the  satellite 
peak  at  725.1  eV,  which  can  be  assigned  to  Fe2p3/2  and  Fe2pi/2, 
respectively,  indicating  that  the  oxidation  state  of  Fe  is  +2  and  it  is 
in  accordance  with  the  literature  values  [15,31].  As  seen  from  the 
corresponding  Ni2p  spectra  in  Fig.  4,  the  peaks  at  856.8  eV  and 
875.8  eV  observed  in  sample  Li2Feo.92Nio.osP207/C  are  attributed  to 
Ni2p3 \2  and  Ni2pi/2,  respectively,  which  indicates  that  the  oxida¬ 
tion  state  of  Ni  is  +2,  matching  well  with  existing  results  [32,33]. 
No  peaks  can  be  observed  in  the  Ni2p  spectrum  of  pristine 
Li2FeP207/C,  which  shows  the  matrix-doping  of  Ni  into  Li2FeP207/C 
lattice  and  the  homogeneous  dispersion  of  Ni  among  Li2FeP207/C. 

The  details  of  the  chemical  bonding  in  the  Li2Fei_xNixP207/C 
samples  are  investigated  in  the  Fourier  transform  infrared  (FTIR) 
spectra  as  shown  in  Fig.  5.  The  FTIR  spectra  exhibits  many  promi¬ 
nent  and  narrow  multiple  vibration  bands  in  the  range  of 
400-1600  cm-1.  The  peaks  around  500-680  cm”1  are  attributed  to 
characteristic  bending  modes  for  O-P-O  bonds  in  the  PO4  groups. 
Meanwhile,  the  peaks  observed  at  about  745  and  945  cm”1  are 
assigned  to  the  symmetric  and  asymmetric  P-O-P  vibrations  and 
the  peaks  in  the  range  of  1000-1200  cm”1  correspond  to  the  P-0 
stretching  vibrational  frequencies.  The  weak  peaks  in  the  region  of 
1400-1600  cm”1  are  related  to  the  absorbance  of  the  residual 
carbon  [34  .  However,  the  characteristic  peaks  of  NiO  (production 
of  Ni(CH3C00)2-4H20)  are  approximately  450  and  562  cm”1  [35] 
not  found  in  Fig.  5,  indicating  that  the  Ni  was  incorporated  into 
the  lattice  of  Li2FeP207  successfully.  All  these  similarities  of  the 
vibrational  spectra  for  P-O-P,  O-P-O  and  P03  bonds  in  (P207)4”, 
were  observed  in  the  FTIR  spectra  for  all  samples  and  are  precisely 
indexed  with  the  typical  vibration  of  pyrophosphate  groups,  that 
have  been  consistent  with  previous  reports  15,16,22  .  Besides,  the 
results  are  in  accordance  with  the  XRD  refinement  results. 

The  SEM  images  of  Li2Fei_xNixP207/C  (x  =  0.00,  0.02,  0.04,  0.06, 
0.08,  0.10)  powders  are  shown  in  Fig.  6.  It  is  observed  that  the 
primary  particles  are  nano-scaled  and  agglomerated  to  form  sec¬ 
ondary  particles,  showing  similar  irregular  granular  shapes.  There 
is  no  obvious  change  in  morphologies  after  Ni2+  doping. 

The  EDS  mappings  illustrate  the  element  mapping  of  Fe  and  Ni 
in  the  doped  samples  as  shown  in  Fig.  7.  It  shows  that  the  element 


Fe  is  homogeneously  distributed  in  the  particles,  while  the  map¬ 
ping  dense  of  Ni  gradually  increases  with  the  rise  of  Ni  concen¬ 
trations,  indicating  that  the  precursors  of  Fe  and  Ni  were  blended 
uniformly  at  molecular  level  during  preparation,  even  for  doping 
ions  at  a  low  content.  The  TEM  images  of  Li2Fei_xNixP207/C 
(x  =  0.00  and  0.02)  are  illustrated  in  Fig.  8.  It  can  be  seen  that  the 
Li2Fei_xNixP207/C  particles  are  coated  with  nano  carbon-webs. 
Fig.  8(d)  shows  that  the  thickness  of  layer  of  nano-carbon  is 
approximately  1.5  nm,  which  provides  short  diffusion  lengths  and 
enhances  conductivity  [31  . 

Fig.  9  shows  the  initial  charge-discharge  profiles  of  Li2Fei_ 
_xNixP207/C(x  =  0.00,  0.02,  0.04,  0.06,  0.08,  0.10)  cathodes  at 
0.025C.  All  the  charge-discharge  profiles  have  two  flat  voltage 
plateaus  at  around  3.5  V  and  3.8  V,  which  attribute  to  the  main 
characteristic  of  the  two-phase  manner  based  on  the  redox  couple 
of  Fe2+/Fe3+  during  lithium-ion  extraction  and  insertion  between 


Fig.  9.  Initial  charge-discharge  profile  of  the  L^Fei.xNy^Oy/C  at  0.025C. 
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Fig.  10.  Electrochemical  charge-discharge  curves  of  LhFei.xNi^Oy/C  at  various  rates  (a)  x  =  0,  (b)  x  =  0.02,  (c)  x  =  0.06,  (d)  x  =  0.10. 


Li2FeP207  and  LiFePyOy  [13  .  It  can  be  seen  that  the  discharge  pla¬ 
teaus  of  Ni-doped  samples  are  much  higher  than  that  of  the  pristine 
one,  as  illustrated  in  inset  of  Fig.  9.  This  indicates  that  the  Fe2+/Fe3+ 
redox  potential  could  be  raised  above  3.5  V  by  partial  Ni  substitu¬ 
tion,  this  is  in  accordance  with  the  results  of  other  transition  metal 
doping  20,36  .  The  discharge  specific  capacities  of  Li2Fei_xNixP207/ 
C  composites  with  x  =  0,  0.02,  0.04,  0.06,  0.08,  0.10  are  105.0, 110.2, 
99.6,  91.3,  96.4  and  88.2  mAh  g_1,  respectively.  The  columbic  effi¬ 
ciency  of  the  initial  cycle  is  about  94.6%,  99.3%,  97.6%,  93.2%,  97.4%, 
and  92.8%,  respectively.  It  can  be  observed  that  L^Feo.gsNio.c^Oy/C 
clearly  exhibits  best  electrochemical  performance  with  the  lowest 
polarization  potential  (0.17  V)  and  highest  initial  discharge  capac¬ 
ity,  indicating  that  Ni-doping  does  not  block  the  tunnels  of  Li  ions 
and  probably  increases  the  charge  and  discharge  capacities  and 
charge-discharge  efficiency. 

The  charge-discharge  profiles  of  the  Li2Fei_xNixP207/C  (x  =  0, 
0.02,  0.06,  0.10)  at  various  rates,  from  0.05  to  2C,  are  shown  in 
Fig.  10.  The  rate  performance  of  the  composites  is  highly  affected  by 
the  nickel-doped  content.  Increasing  Ni-doping  amount  first  led  to 
the  enhancement  of  rate  capability.  The  sample  of  LhFeo.gs- 
Ni0.02P2O7  exhibits  the  best  rate  performance,  it  can  deliver  a  ca¬ 
pacity  of  102.3  mAh  g-1  at  0.05C,  78.5  mAh  g-1  at  0.5C  and 
64.7  mAh  g-1  at  1C.  Moreover,  the  discharge  voltage  plateau  of 
sample  Li2Feo.gsNio.o2P207  is  still  higher  than  3.2  V  at  1C  rate, 
indicating  that  LiyFeo.gsNio.c^Oy  has  a  lower  polarization.  How¬ 
ever,  when  the  Ni-doping  content  is  increased  further,  the 
discharge  capacity  will  decrease  at  all  rates  as  presented  from 
Fig.  10(c)  to  (d),  which  could  be  ascribed  by  two  factors:  it  is  difficult 


to  trigger  a  2-electron  reaction  for  LiyFePyOy  even  with  Ni  doping,  is 
assumed  that  this  occurs  at  high  voltage  of  5.2  V.  On  the  other  side, 
the  presence  of  excessive  Ni2+  is  redox  inactive  with  the  capacity 
contribution  mostly  coming  from  existing  Fe  in  the  composite 
[20,36].  A  similar  phenomenon  has  been  reported  to  occur  on  Ni- 
doped  LiFeP04  [37,38]  and  Li3V2(P04)3  [39]. 
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Fig.  11.  Cycling  performances  of  Li2Fei_xNixP207/C  at  different  rates. 
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Fig.  12.  Cyclic  voltammograms  of  Li2Fei_xNixP207/C  electrodes  (a)  the  first  cycle,  (b)  the  second  cycle. 


The  cycling  performances  of  Li2Fei_xNixP207/C  (x  =  0.00,  0.02, 
0.04,  0.06,  0.08  and  0.10)  are  compared  in  Fig.  11.  The  rate  perfor¬ 
mance  of  Li2Feo.98Nio.o2P207/C  demonstrates  the  best  among  all 
samples,  it  keeps  a  capacity  retention  ratio  of  about  97.5%  at  all 
rates,  higher  than  that  of  the  others.  The  sample  with  suitable  Ni- 
doped  content(x  =  0.02)  shows  excellent  rate  performance 
compared  with  other  samples,  corresponding  to  a  capacity  reten¬ 
tion  of  90.1%  at  0.05C  after  100  cycles. 

To  provide  more  information  about  the  electrochemical  prop¬ 
erty,  the  first  two  cyclic  voltammograms  (CV)  of  Ni  doped 
Li2FeP207/C  samples  in  the  voltage  range  of  2.0-4.5  V  are  presented 
in  Fig.  12.  In  the  first  cycle  under  a  scanning  rate  of  0.1  mV  s-1,  two 
high  intensity  anodic  peaks  appear  during  negative  scanning, 
coupled  with  only  one  clear  cathodic  peak  in  positive  scanning, 
these  correspond  to  the  “splitting”  of  Fe  in  the  redox  reaction  18]. 
The  weak  peak  at  4.5  V  is  still  mystery,  it  could  not  be  explained  by 
electrochemical  theory,  nor  approved  by  electrolyte  decomposition 
[15,16  .  In  the  second  cycle,  it  is  noticeable  that  the  two  anodic 
peaks  merged  into  one  centered  peak  for  all  samples.  Flowever,  the 
lithium  extraction  and  insertion  processes  for  Ni  doped  samples  are 
more  stable,  which  is  ascribed  to  relatively  sharper  peaks  and  a 
higher  potential.  The  reason  could  be  that  some  irreversible 
structural  disorder  in  pyrophosphate  system  (two  octahedral  sites 
of  Fe  have  an  edge-sharing  configuration  in  the  tripplite  structure) 
could  be  suppressed  by  substituting  some  transition  metal 
[40-42].  Meanwhile,  it  is  apparent  that  the  redox  potentials 
slightly  shift  to  a  higher  potential  as  the  amount  of  Ni  doping  is 
increased,  especially  for  the  high  anodic  peak,  it  can  reach  a  po¬ 
tential  as  high  as  3.95  V  without  the  combination  of  hygroscopic 
anions  as  S04~or  F_  [43,44  ,  which  is  the  highest  Fe3+/Fe2+  redox 
potential  in  phosphate  materials.  A  similar  phenomenon  about  the 
Fe-peak  upshift  has  been  reported  in  the  case  of  the  other  metal¬ 
doping  materials,  such  as  Li2Fei_xMnxP207  and  Li2Fei_xCoxP207. 

Fig.  13(a)  shows  the  impedance  spectra  curves  of  the  Li2Fei_ 
_xNixP207/C  (x  =  0.00,  0.02,  0.04,  0.06,  0.08  and  0.10)  composites. 


All  curves  exhibit  a  semicircle  in  the  high  frequency  region  and  a 
straight  inclined  line  in  the  low  frequency  region,  these  correspond 
to  the  charge-transfer  resistance  at  the  cathode/electrolyte  inter¬ 
face  and  the  diffusion  of  the  lithium  ions  into  the  bulk  of  electrode 
material,  respectively.  The  impedance  spectra  are  fitted  by  using 
the  equivalent  electrical  circuit  model  as  shown  in  inset  of 
Fig.  13(a),  where  Rs  corresponds  to  the  solvent  resistance  and  Rct 
stands  for  charge-transfer  resistance,  CPE  relates  to  the  double 
layer  capacitance  and  passivation  film  capacitance  and  Zw  is  the 
Warburg  impedance  [45]  which  is  associated  with  lithium-ion 
diffusion  in  the  Li2FeP207  particles.  The  obtained  Rct  of  Li2Fe0.98- 
Nio.o2P207/C  is  107.3  Q,  which  is  obviously  the  smallest  among  the 
samples  listed  in  Table  2,  indicating  that  the  transfer  and  diffusion 
of  Li+  through  the  cathode/electrolyte  interface  of  Li2Fei_xNixP207/ 
C  is  easier  than  other  samples. 

To  further  investigate  the  electrochemical  performance  of  the 
samples,  a  plot  of  real  impedance  versus  inverse  square  root  of  the 
lower  angular  frequency  co  0,5  is  shown  in  Fig.  13(b),  from  which 
the  value  of  Warburg  impedance  coefficient  (crw)  can  be  obtained 
according  to  Eq.  (1)  [46]. 

T  =  Rs  +  Rct  +  <tww-°  5  (1) 

where  Rs  is  the  resistance  of  solvent,  Rct  is  the  charge  transfer 
resistance  and  co  is  the  angular  frequency.  Both  Rs  and  Rct  are  in¬ 
dependent  of  frequency.  Meanwhile,  the  lithium  ion  diffusion  co¬ 
efficient  (Dl i)  can  be  used  to  measure  the  kinetics  activity  for  an 
electrochemical  reaction,  which  can  be  roughly  presented  by  the 
following  Eq.  (2)  [47,48] 

Duo cl  j  o\j  (2) 

It  is  obviously  shown  that  the  squared  value  of  crw  is  reciprocally 
proportional  to  the  Du  value.  Therefore,  the  lithium  ion  diffusion  of 
samples  can  be  speculated  by  the  value  of  <7W  indirectly.  The 
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Fig.  13.  (a)The  impedance  spectra  of  Li2FeP207/C  and  Li2Fei_xNixP207/C.  (b)  The  rela¬ 
tionship  between  real  impedance  (Z7)  and  the  inverse  of  square  root  of  angular  fre¬ 
quency  (<aT0'5)  in  low  frequency  region. 


Table  2 

Result  of  electrochemical  impedance  and  Warburg  impedance  coefficient. 


Samples 

Rs  Q"1 

Rct  Q  1 

Zw 

a  Q-1  S-°  5 

Li2FeP207/C 

2.358 

163.0 

123.1 

210.38 

LhFeo.gsNio.ozF^Oy/C 

2.821 

107.3 

22.64 

83.06 

LhFeo.geNio.cwF^Oy/C 

4.331 

155.8 

11.48 

113.74 

LhFeo^Nio.oePzOy/C 

3.131 

165.1 

71.73 

169.82 

Li2Feo.g2Nio.o8P207/C 

5.524 

129.0 

25.11 

111.27 

LhFeo.goNio.ic^Cb/C 

2.065 

191.4 

150 

176.96 

calculated  values  of  aw  for  Li2Fei_xNixP207/C  composites  are  listed 
in  Table  2.  It  is  seen  that  Li2Feo.9sNio.o2P207/C  exhibit  the  smallest 
value  of  (7W  among  all  the  samples,  presenting  the  highest  value 
lithium  ion  diffusion  coefficient.  It  indicates  that  the  electro¬ 
chemical  property  of  Li2FeP207/C  composites  can  be  improved  by 
an  appropriate  amount  of  Ni  ion  doping. 

4.  Conclusion 

The  well  crystallized  Li2Fei_xNixP207/C  (x  =  0.00,  0.02,  0.04, 
0.06,  0.08  and  0.10)  composites  are  successfully  prepared  via 
solid-state  route.  Based  on  the  XRD  refinement  results,  Ni2+  has 
incorporated  into  the  lattice  of  Li2FeP207  and  all  the  Ni2+-doped 
composites  can  be  indexed  to  a  monoclinic  structure  with  space 


group  P2i/c.  The  amount  of  Ni  doping  has  an  important  impact  on 
electrochemical  performance.  The  Li2Feo.9sNio.o2P207/C  shows  the 
best  cycling  stability  and  rate  capability  among  all  the  samples, 
having  the  highest  discharge  capacity  of  110.2  mAh  g-1  at  0.025C, 
and  possessing  the  capacity  retention  of  90.1%  after  100  cycles  at 
0.05C.  The  results  of  CV  and  EIS  revealed  that  the  doping  nickel 
at  an  appropriate  amount  could  increase  the  diffusion  coefficient 
of  lithium  ions  and  result  in  the  improvement  of  the  reversibility  of 
the  materials.  The  results  indicate  that  the  Ni  doping  is  an  effective 
approach  to  achieve  excellent  electrochemical  performance  for  the 
lithium  ion  pyrophosphate. 
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